The miscibility of chitosan (CS) and poly(ethyleneglycol) (PEG) blends in buffer solution (CH 3 COOH and CH 3 COONa) has been investigated by viscosity, density and refractive index studies. Various interaction parameters such as polysolvent and blend-solvent interaction parameters and heat of mixing have been calculated using viscosity and density data. The results indicated the existence of positive interactions in the blend polymer solution and that they are miscible in buffer solution in 90/10 and 80/20 composition ranges. The study also revealed that variation of temperature does not affect the miscibility of chitosan and PEG blends in the buffer solution significantly. The presence of hydrogen bonding in the blends in the solid state has also been indicated by FTIR studies. Thermal behavior was studied using DSC instrument. The result obtained reveal that Chitosan forms a miscible blend with PEG in 90/10 and 80/20 composition ranges.
Introduction
Chitosan [ß-(1,4)-2-amino-2-deoxy-D-glucopyranose] is a natural polymer derived by deacetylation of chitin, which is the second most abundant biopolymer in nature next to cellulose [1] . Compared with other polysaccharides, chitosan has several important advantages, including biocompatibility, biodegradability, no toxicity, good film-forming characteristics, excellent chemical-resistant and electrolytic properties. So, chitosan has been widely studied for use in clinics [2] , drug delivery systems [3] , solid polyelectrolytes [4] , surfactants [5] , biosegregation of oil products [6] and membranes on ultra-filtration, reverse osmosis and evaporation [7] .
However, its mechanical properties and other physical/chemical properties are not good enough to meet this wide range of applications. Incorporation with other natural or synthetic polymers is an effective approach for improving the physical/chemical properties of chitosan through the amino groups and hydroxyl groups on its backbone, including blending chitosan with other polymers [8] [9] [10] , introducing crosslinking structure to the membrane [11, 12] and developing organic-inorganic hybrid membrane [13] . Polymer blends have shown favorable results in terms of the targeted biological, mechanical or degradation properties in comparison to the individual components. Various reagents, including poly(caprolactone) [14] , poly(lactide) [15] , poly(vinylpyrrolidone) (PVP) [16] , 3-(aminopropyl)siloxane oligomers (pAPS) [17] , and plasticizers [18] , etc. have been used to blend with chitosan. Among all the alternatives, poly(ethyleneglycol) (PEG) is of particular interest owing to its useful properties such as low toxicity, immunogenicity, biocompatible and biodegradable performance. Alexeev et al. found the significant improvement in mechanical properties of chitosan upon blending with PEG [19, 20] .
Polymer blends are physical mixtures of structurally different polymers, wherein miscibility is determined by intermolecular forces [21] [22] [23] . There have been various techniques of studying the miscibility of the polymer blends [24] [25] [26] [27] [28] . Some of these techniques are complicated, costly and time consuming. Hence, it is desirable to identify simple, low cost and rapid techniques to study the miscibility of polymer blends. Chee [26] and Sun et al [29] have suggested a viscometric method for the study of polymer-polymer miscibility in solution.
Our previous studies on miscibility showed interaction between synthetic-synthetic [30] and synthetic-natural polymer [31] blends in non-aqueous solutions. The subject of this study is to investigate the miscibility behavior of chitosan and PEG blends in buffer solution [32] at 30 °C, 40 °C, and 50 °C. The effects on molecular interactions between poly-solvent and blend-solvent interaction parameters and heat of mixing were determined at 30 °C, 40 °C, and 50 °C. With amide and -CO-group in chitosan, which can function as a proton acceptor, and PEG with its terminal -OH groups functioning as weak proton donors, one may expect hydrogen bonding interaction leading to miscibility in CS/PEG blends. This is achieved by using a combination of FTIR spectroscopy and DSC measurements. Fig. 1a-1c indicates the considerable higher slope variation for 90/10 and 60/40 CS/PEG blend compositions. This may be attributed to the mutual attraction of macromolecules in solution, because of increase of hydrodynamic and thermodynamic interaction. Hence, the CS/PEG is found to be miscible, only when the chitosan content is more than 60% in the blend. Below this critical concentration, a sharp decrease in the slope is observed in the Huggin's plot because of the phase separation.
Results and discussion

Solution property studies
The interaction parameters of the individual polymers and their blend compositions were determined using slopes and intercepts from Fig 1a-1c and the values are given in Table 1 and 2. The slope of the curve gives the corresponding interaction parameter value, which has been evaluated on the basis of classical Huggins equation [33] . Krigbaum and Wall interaction parameter Δb of the blends [34] has been obtained from the difference between the experimental and theoretical values of the interaction parameters b 12 and b * 12 . Polymer 1-polymer 2 interaction parameter Δb can be calculated as follows:
where C m is the total concentration of polymers C 1 + C 2 , (η sp ) m is the specific viscosity and b m represents the global interaction between all polymeric species defined by the equation, where w 1 and w 2 are weight fractions of polymer 1 and polymer 2, respectively, b 12 is the interaction parameterof the blend system that can be calculated from equation (2) and b 11 and b 22 are respective individual interaction parameters. The interaction parameters b 11 , b 22 , and b m have been calculated from the slopes of the plot of reduced viscosity versus concentration [34] .
The interaction parameter b * 12 was then calculated theoretically by using equation,
The difference (Δb) calculated from the theoretical b * 12 from equation (3) and the experimental b 12 with equation (2) is given as ) (
Tab. 1. µ, and α values for the cs/peg blends at different temperatures. (Table 2 ) for all blend compositions and at all studied temperatures. This suggests that the blends are miscible in the studied range. If η 1 and η 2 are sufficiently apart, a more effective parameter µ, defined by Chee [26] , can be used to predict the compatibility. The relation is given by
where η 1 and η 2 are intrinsic viscosities of pure component solutions. The blend is miscible when µ≥0 and immiscible if µ<0. The values of µ, calculated with aforementioned expression at different temperatures for the present system have been presented in Table 1 .
Sun et al [29] have suggested a new formula for the determination of polymer miscibility as follows:
where, K 1 , K 2 , and K m are the Huggins's constants for individual components 1, 2 and the blend, respectively. The long-range hydrodynamic interactions are considered while deriving this equation. They have also suggested that a blend will be miscible when α 0 and immiscible when α< 0. The α values for the present system at various temperatures are listed in Table 1 . The computed values show that both µ and α values for the system under study are positive for 90/10 and 80/20 ratio only. The positive values at all temperatures indicate that the blends are miscible. Further, we have also carried out calculations to identify the miscibility of blends based on Huggins constant. The Huggins constant is a parameter that could also be used to express the interaction between unlike polymers [34] . Hong et al. [35] used Huggins constant parameter k AB value correlated with b AB as shown in the below equations for unlike polymers.
The factor k AB , is a theoretical value derived from the geometric means of k A and k B as
The deviation from the theoretical value also provides information about the interaction between unlike polymers as shown in
The positive Δk AB value indicates that the polymer mixture in solution-state is miscible. Table 2 shows the Δk AB values for our system, which are positive for 90/10 and 80/20 compositions indicating the miscibility of the blends at 30, 40, and 50 °C, temperature ranges. The negative values for the 70/30 and 60/40 blends, show that the blends are not miscible at these temperatures. This may be due to the loss of specific interactions between the polymer and solvents at such relatively high poly(ethyleneglycol) and temperature.
The heat of mixing (ΔH m ) was also used as a measure to study [36] [37] [38] the blend compatibility. According to Schneier [37] ΔH m of the polymer blends is given by (11) where w 1 , w 2 , M, and ρ are the weight fractions of individual polymers, the monomer molecular weight, and the polymer density respectively, and δ represents the solubility parameters of the polymers. The δ values of CS [9.5 ( [39] and these values were used to calculate ΔH m with equation (12) . Fig. 2 shows the variation of ΔH m versus blend composition. It is evident (Fig. 2) that the variation follows almost a linear pattern, without any reversal (increase followed by decrease or vice versa) in the trend. This behavior further confirms that the blend solutions are miscible in the studied range of compositions and temperature. The slight deviation of the plot from linearity may be due to the large difference in the molecular weights of CS and PEG samples used, causing initial increase in heat of mixing on increase of CS content in the blend. Further, the heat of mixing calculated at different temperatures did not vary significantly with temperature and in fact, as is seen in Fig. 2 , the ΔH m values for various temperatures are overlapping. This behavior shows that the effect of temperature on miscibility of the blends is not very significant and that the specific interactions that make the blends miscible are also very weak.
Fig. 2. Heat of mixing of CS/PEG blends at different temperatures.
Polymer-polymer and polymer blend-solvent interactions
The interaction parameters between polymer-polymer and polymer blend-solvent are a measure of miscibility. The polymer-polymer interaction parameters (χ i ) have been computed from Flory-Huggins theory [36] with
where δ 1 and δ 2 are the solubility parameter of component polymers, respectively, and V i , R, and T are the molar volume of the solvent, universal gas constant, and temperature (K), respectively. The same expression has also been used for the calculation of interaction parameter between polymers in polymer blends [40, 41] . The blend-solvent interaction parameters have also been calculated according to the method adopted by Singh and Singh [42] . The solubility parameters of the blend (δ) was calculated from the additively relationship,
where X 1 and X 2 are the mass fractions and δ 1 and δ 2 are the solubility parameters of the component polymers in the blend system. The interaction parameters of the polymer-polymer blend systems are presented in Table 3 , whereas the blendsolvent interaction parameters are given in Table 4 . From these data, we observed that the net polymer-polymer interactions were higher than those observed for blend-solvent interactions for studied blend compositions at three different temperatures. Such a difference between polymer-polymer interactions and blendsolvent interactions suggested the compatible nature of the blends in the studied range.
Tab. 3. Polymer-polymer interaction parameters for the cs and peg in the blend.
Temperature (K)
Polymer χ i calculated from eq. (12) To confirm the miscibility behavior of the blends further, density, and refractive index values of the blend solutions have been measured at three different temperatures. The variation of the density and refractive index with the blend composition is shown in Figs. 3 and 4 respectively. The graphs show linear region. It was already established [26, 42] that the variation is linear for miscible blend and non-linear for immiscible blend. In the present case, the variation is found to be linear when the CS content is more than 60% at 30, 40, and 50°C, respectively. This observation is in confirmation with µ and α values. So the present study indicates the existence of miscibility windows when the CS content is more than 60% in the blend. And below this composition, there will not be much interaction between the polymer segments, which leads to immiscibility of the polymer blend. Here, the miscibility of blend may be due to some specific interaction like H-bonding between CS and PEG. 
FTIR Characterization
The infrared data of pure chitosan and the blend films in certain frequency ranges are displayed in Figs. 5-7. The typical absorption peaks of the functional groups presented in chitosan [43] were also observed in all of the blend spectra with varying intensities based on their composition. On the other hand, with increasing content of PEG, most of the characteristic peaks of PEG (1468, 1281, 1096, 963 and 841 cm -1 ) [44] become more distinguishable compared to the pure chitosan spectrum. Since no appearance of new peaks or disappearance of peaks of individual components, it means that there was no chemical reaction between chitosan and PEG. However, with increasing content of PEG, the O-H stretching vibrations (3184 cm -1 ) and amide bending band (1636 cm -1 ) from chitosan were shifted to low wavenumbers. Depending on the blend ratios, the 3184 cm -1 band could shift 3183 to 3176 cm -1 , while the amide bending band would shift 1633 to 1626 cm -1 . Furthermore, C-O stretching vibration from C-O-H of chitosan (1151 cm -1 ) was shifted to low wavenumber by 1148 to 1147 cm -1 . All these imply the existence of an attractive intermolecular interaction between chitosan and PEG, as suggested in the literature [45] . It is known that the chemical structure of chitosan is very similar to cellulose with hydroxyl side chain groups at 3rd and 6th locations, and also has C-O groups in the chain with hydroxyl groups at two ends. Hence, the intermolecular interaction between chitosan and PEG should be ascribed to the hydrogen bond. Namely, it is the hydrogen bond interaction between chitosan and PEG that leads O-H stretching vibrations and amide bending band from chitosan to shift to lower wave numbers.
Thermal Behaviors
DSC measurements were performed to get more insight on thermal behavior of the blends and the results are shown in Fig. 8 . The DSC curves were exhibited in two separate temperature ranges: one is 35-75 °C, and the other is 80-160 °C. The peak at around 60 °C for blend films can be assigned to the melting point of PEG [ Fig. 8  (a) ]. The melt peak of PEG became more obvious and moved to high temperatures with the increasing content of PEG (8/2 is read at 53 °C, 7/3 is read at 55 °C, 6/4 is read at 55 °C, 5/5 is read at 57 °C, pure PEG is read at 63 °C). It is generally accepted that the T m corresponding to one component of the blend films would decrease with increase in the amorphous phase resulting from the partial miscibility and details of thermal transitions are reported elsewhere [46, 47] . The peak for pure chitosan is read at around 125 °C (Fig. 8b) . Many other reports measured the glass transition temperature T g of chitosan by DSC secondary scanning; but no consistent results were obtained [48] [49] [50] [51] [52] . In fact, the glass transition temperature of chitosan is still a subject of controversy. The main reason may be that, being a natural polymer, some properties like crystallinity, molecular weight and deacetylation degree, can present wide variations according to the source and/or method of extraction and will influence the T g . Moreover, the glass transition does not occur at a specific temperature but over a temperature region -an issue discussed for instance by Brostow and coworkers [53] . Hence in our case, there is no obviously readable T g for chitosan in DSC curve. With the addition of PEG, peak of pure chitosan shifted to the high temperature region (8:2 is read at 130 °C, 7:3 is read at 133 °C) due to the low compatibility at the high content of PEG. Thus, PEG in appropriate content will increase the thermal stability of the chitosan film. This systematic variation of T g in the blends indicates the increase in miscibility with increase in chitosan concentration.
Conclusions
The miscibility behavior of CS and PEG blends in buffer solution has been studied in the temperature range 30, 40, and 50 °C. The miscibility has been analyzed by solution viscosity, density, and refractive index measurement of the blend solutions and calculating various interaction parameters based on these data. The µ, α, and ∆k AB, interaction parameter test indicated that blends are immiscible above 50 °C.
The results indicated the presence of positive interactions in the system, when the CS content is more than 60 % in the blend at 30, 40, and 50 °C respectively. The heat of mixing estimations of the blends indicated that the effect of temperature on the miscibility of the blends is not very significant. The FTIR and DSC studies of the blend films also indicated the presence of weak specific interactions supporting the results of solution studies.
Experimental part
Materials
Chitosan, degree of deacetylation (DD) = 80 %, and pure PEG with M w = 20,000 was purchased from SIGMA-ALDRICH.
Preparation of polymer solutions
The 
Preparation of blend films
Appropriate amounts of chitosan and PEG were dissolved in a 1% solution of glacial acetic acid in water to obtain a 1% solution of blend. Approximately 20 mL of this solution was added in a petri dish, and kept in hot air oven at 60 °C for 24 hour. The compositions of blends (CS/PEG) employed subsequently were 90/10, 80/20, 70/30, and 60/40, respectively.
Viscosity
Viscosity measurements were made at 30, 40 and 50 °C, using suspended level Ubbelohde viscometer, with flow time of 95 s for distilled water. Solution viscosities at different temperatures were maintained in a thermostat bath, with thermal stability 0.1 °C.
Density and refractive index
The densities of the solutions were measured at 30, 40, and 50 °C by specific gravity bottle. The refractive index of the blend solutions were measured using Abbe's refractometer with thermostat water circulation system at 30, 40, and 50 °C. The accuracy of the refractive index measurements was ±0.05 %.
FTIR and DSC studies
FTIR measurements of the polyblend films were carried out at rate of 20 scans at 1 scan -1 and 1 cm -1 resolution under room temperature using SHIMADZU FTIR spectrometer. The Differential Scanning Calorimetric (DSC) measurements to determine the glass transition temperature (T g ) of the samples were done on a SHIMADZU DSC instrument. DSC were performed over a temperature range 25-200 °C at heating rate of 10 °Cmin -1 under nitrogen atmosphere.
